Simultaneous achievement of high sensitivity and low line edge roughness (LWR) is necessary in EUV resist. The chemical reaction analysis of EUV (Extreme Ultraviolet) chemical amplified (CA) resist and acid diffusion length evaluation was carried out. In order to achieve low LWR of the CA resist, the large chemical structure of the anion of photoacid generator (PAG) is required for shortening the acid diffusion length. On the other hand, in order to increase the sensitivity, on the basis of the chemical reaction analysis using the soft x-ray absorption spectroscopy, the decomposition reaction of the large chemical structure of the PAG anion should be taken in account in addition of ionization reaction. However, if the decomposition reaction occur, the acid diffusion length will become shorter than that as expected. It is found that the Imidate-type of anion of PAG has high sensitivity and short diffusion length. The chemical reaction analysis by the soft x-ray absorption spectroscopy using the synchrotron radiation with the combination analysis of the acid diffusion are useful method for the mitigation of high sensitivity and low LWR.
Introduction
EUV lithography (EUVL) will be used from the 16-nm-technology node of the semiconductor high volume manufacturing (HMV), such as a memory and central processing unit (CPU) [1] [2] [3] . The first top issue of the EUVL is to achieve the high power and stability of the EUV source, such as laser-produced-plasma (LPP) [4, 5] . Up to now, the largest EUV source power is 70 W at the intermediate focus position, and the wafer throughput is approximately 50 wafers per hour for 12-inches wafer [6] . This EUV source power is lower than the required specification. In order to achieve the throughput of 120 wafers/hour, if the sensitivity of the EUV resist is 10 mJ/cm 2 , the EUV source power required to be 180 W/cm 2 . And if the EUV resist sensitivity is 5 mJ/cm 2 , the EUV source power required to be 90 W/cm 2 . Thus the reliability of EUVL is depend on the EUV source power and resist sensitivity. Therefore increasing the resist sensitivity relaxes the EUV source power. In order to increase the EUV resist sensitivity, many papers had been published [7, 8] . However, the chemical reaction mechanism is only evaluated by the electron beam, and the latent image simulation was performed on a basis of the electron beam chemical reaction analysis [9] . For the achievement of the high sensitive EUV resist, the analysis of the reaction mechanism under the EUV irradiation is necessary. The chemically amplified resist (CA) resist has high sensitive and resolution. Thus the reaction mechanism of the PAG under EUV irradiation is significant [10] [11] [12] [13] .
The third top issue of the EUVL is EUV resist development. The high sensitivity, low LWR, high resolution, and low outgassing should be achieved. Especially, the simultaneous achievement of high sensitivity and low LWR is significant issue to maintain the lithographic throughput and electronic characteristics of the semiconductor devices, respectively.
In order to achieve low LWR, since the short acid diffusion in the CA resist is required, the large chemical structure of the anion of PAG is necessary [11] [12] [13] . On the basis of the soft x-ray absorption spectroscopy analysis of our reported papers, to achieve the high sensitivity, the decomposition reaction of the anion of PAG is effective in addition to the ionization reaction under EUV irradiation [14] [15] [16] [17] . On the other hand, to achieve the low LWR, it should be considered that if the decomposition reaction of the large chemical structure of the PAG anion will occur, the acid diffusion length will become shorter than that as expected. In this paper, the sensitivity and acid diffusion are discussed by the chemical reaction analysis on the basis of the soft x-ray absorption spectroscopy.
2. Experimental 2.1. Soft x-ray absorption spectroscopy 2.1.1 The model resists employed in the this study Chemical structure of poly (hydroxystyrene-co-tert-butylacrylate) (PHS-TBA) which were employed as a base polymer of the model resist in this study are shown in Fig. 1 The content ratios of PAG to the base resin are approximately 10 mol% and 30 mol% for the sensitivity measurement and soft x-ray absorption spectroscopy experiment, respectively. The PAG content of 10 mol% for the sensitivity measurement is a normal value. However, since the PAG content for the soft x-ray absorption spectroscopy experiment should be larger than that for sensitivity measurement, because the absorption signal from the atomic elements of the PAG in soft x-ray absorption spectroscopy experiment is too small when the PAG content is 10 mol%, the PAG content should increase to be 30 mol%. The resist was spin-coated on a 4-inches silicon wafer and the prebake was carried out on a hot plate at the temperature of 130 ºC for 90 s. The resist film thickness of 50 nm was spin-coated on a wafer. The resist film thickness was measured by Nanometrics 6100A (NANOmetrics). The post-exposure bake (PEB) was carried out at the temperature of 110 ℃ for 90 s. Then the development were carried out by the developer such as tetramethylammonium hydroxide (TMAH) 2.38 wt.% at the temperature of 23 ℃ for 30 s, and the rinse was carried out at the temperature of 23 ℃ for 30 s by the deionized ultrapure-water.
The sensitivity curve was obtained in high accuracy using the resist sensitivity evaluation system which can simulate the EUV exposure spectrum of the six-mirror-imaging optics at the BL03 beamline in NewSUBARU synchrotron light facility [18, 19] . The EUV spectrum on the wafer sample of this system is as same as that of the HVM exposure tool such as ASML NXE3100B [20] .
Soft X-ray absorption spectroscopy
The soft x-ray absorption spectroscopy measurement was performed at the end station of the BL07B beamline at the NewSUBARU synchrotron light facility [21] . The short undulator was employed as a light source of this beamline. This beamline consists of three glancing mirrors such as M0, M1 and M2, the monochromater (G), the entrance (S1) and exit (S2) slits and the end station exposure and analyzing chambers. The loadlock chamber was adapted to these chambers to exchange the sample. The variable-line-spacing plane gratings (VLSPG) were employed as a monochromator. Three grating-density types such as 600, 1200, and 2400 lines/mm were installed in the monochromator vacuum chamber. Using these grating, the photon energy region covers from 80 eV to 800 eV in the absorption spectroscopy. The exit slit size is 20 µm (H) × 20 µm (V) and the SR light spot size on a sample is 1 mm(H)×1 mm (V). The energy resolution E/ΔE is approximately 3000 [22] . The total energy resolution was approximately 0.1 eV. The photon flux of the photon energy of 91.8 eV (=13.5 nm) is approximately 3.0×10 11 photons/s/100 mA. The absorption signal (I 2 / I 1 ) was obtained from the ratio of the photocurrent I 2 from the sample to the photocurrent I 1 from the gold mesh. The photocurrent was measured by the electrometer (6514, Keithley).
For the absorption measurement of carbon 1s core level, the measured energy region is 280-330 eV and 1200 lines/mm VLSPG was employed with the undulator gap of 48.0 mm. For the absorption measurement of fluorine 1s core level, the measured energy region is 685-730 eV and 2400 lines/mm VLSPG was employed with the undulator gap of 52.0 mm. Figure 3 shows the principal of the total electron yield (TEY) method employed in this study, which is one of the method of the absorption spectroscopy. In the soft x-ray irradiation on the material, the inner-shell electrons in the atom of the material excite to the unoccupied state, then the photoelectron is ejected in the vacuum level [23, 24] . On the other hand, when a core electron is removed in the soft x-ray irradiation, leaving a vacancy, an electron from a higher energy level may fall into the vacancy, resulting in a release of energy. Although sometimes this energy is released in the form of an emitted photon, the energy can also be transferred to another electron, which is ejected from the atom. This second ejected electron is called an Auger electron [25] . Anyway if there is a vacancy in the electron orbit by ejecting the photoelectron and Auger electrons, the electron supplies from the ground level, and then the drain electron current flows. In the TEY method, the drain electron current is measured by the picoammeter in varying the energy of the soft x-ray. This current value corresponds to the absorption. Then the absorption spectrum can be obtained in the TEY. The TEY method is more efficient than other electron yield method. Generally, in the soft x-ray region, the absorption spectra of the atom which has small mass number such as carbon, nitrogen, oxygen, and fluorine et al. can be measured. And the TEY method is a powerful method for the analysis of chemical reaction mechanism of resist. This means that inner-shell electrons of light atomic elements can lead to interact strongly in the soft x-ray energy region.
As the content of PAG is small in general, for the analysis of the reaction mechanism of the PAG in the resist films, other analysis method such as Fourier-transform infrared spectroscopy (FT-IR) is very difficult [26] [27] [28] . Since the synchrotron light has strong light intensity, the TEY method using this light is more effective. Thus in this study, we use the TEY method with synchrotron light for the chemical reaction analysis of EUV resist.
The thickness loss in varying the EUV exposure dose
For the thickness loss due to the deprotection reaction during the acid diffusion, the model resists employed TPS-Imidate, TPS-Nonaflate, and TPS-Triflate as PAG, respectively.
Generally in the CA resist, the acid generated under the EUV exposure diffused and the deprotection reaction is occurred during the post-exposure bake (PEB). Since the fluctuation of the acid diffusion enlarge the LWR, the acid diffusion length measurement is significant. In this study, the acid diffusion effect was evaluated by measuring the resist-film thickness loss after PEB. Figure 4 shows the experimental-process flow of the thickness loss measurement [29] . The methacrylate-type polymer which employed the tert-butyl-methacrylate as a protecting group with the mixed solution of propyleneglycol monomethyl ether acetate (PGMEA) and propyleneglycol monomethyl ether (PGME) was spin-coated on a 4-inches wafer and the prebake was carried out on a hot plate at the temperature of 130 ℃ for 90 s. The film thickness was approximately 100 nm. Then the water-soluble polymer mixed with PAG was spin-coated on it and the prebake was carried out again at the temperature of 90 ℃ for 60 s. The total film thickness was approximately 150 nm. It was confirmed that there is no thickness loss of the methacrylate-type polymer with a protecting group for the TMAH 2.38 wt% for 30 s development. And it was confirmed that the film of the water-soluble polymer with PAG can be removed completely using the TMAH 2.38 wt% developer in 30 s development time.
The EUV exposure was carried out by the resist sensitivity evaluation tool which was described before. The exposure area was approximately 4 mm×4 mm in size. The acid generated under EUV exposure diffused from the water-soluble layer into the methacrylate-type polymer layer and the deprotection reaction occurred during PEB in this polymer layer. Then the development and rinse were carried out using TMAH 2.38 wt% for 30 s and deionized ultrapure-water for 30 s, respectively. The upper layer of the water-soluble polymer was completely removed from the surface during the rinse process. The thickness loss of the methacrylate polymer layer due to the EUV exposure dose was measured by the film thickness measurement tool (Nanometrics 6100A). 
Results and Discussions

Sensitivity curve
The sensitivities curves of the model resists employed TPS-Imidate, TPS-Nonaflate and TPS-Triflate as PAG under EUV exposure are shown in Fig. 5 . The E 0 sensitivities of these model resists which employed TPS-Imidate, TPS-Nonaflate and TPS-Triflate show 1.1 mJ/cm 2 , 3.8 mJ/cm 2 , and 3.0 mJ/cm 2 , respectively. E 0 sensitivity is the exposure dose to clear the resist thickness after the development. The E 0 sensitivity differences of resists employed TPS-Imidate, TPS-Nonaflate and TPS-Triflate as PAG under EUV exposure are discussed by the analysis of the absorption spectroscopy in the soft x-ray energy region and the thickness loss due to the deprotection reaction occurred during the PEB after the EUV exposure.
Soft x-ray absorption spectroscopy
In the soft x-ray absorption spectroscopy, the photon energy calibration was carried out by measuring t he photo absorption spectrum of the Figure 5 . The sensitivity curve of the model resist under the EUV exposure highly oriented pyrolytic graphite (HOPG) [30] . The photo absorption spectrum of carbon 1s core level of HOPG which were measured at the photon incident angle of 45° is shown in Fig. 6 . The absorption peak of the carbon π* bonding of HOPG can be assigned to the photon energy of 285.5 eV [31] .
As shown in Fig.7 (a) , the absorption peak at 285.5 eV of the model resist without PAG corresponds to π*c=c bonding of benzene. And since this peak value did not change as increasing the EUV exposure dose, it indicates that the benzene of the PHS did not decomposed. On the other hand, as shown in Fig.s 7(b) , (c) and (d), since the peak of π*c=c bonding decreased as increasing EUV exposure dose, it indicates that these peak change own to triphenylsulfonium (TPS) of PAG cation decomposition reaction by the secondary electron generated through the ionization reaction during the EUV exposure [16, 17] . Figure 6 . The absorption spectrum of carbon 1s core level of HOPG by setting to the incident angle of 45 ° As shown in Fig.7(a) , before the EUV light exposure, for the model resist employed PHS-TBA as a base polymer without PAG, the absorption peaks of 287.5 eV and 289.5 eV corresponds to the σ* C-H and carboxyl group of TBA, which discussed the absorption peak of poly(methyl methacrylate) (PMMA) in the reference papers [32, 33] . And the absorption peaks of 289.5 eV corresponds to the carboxyl group of the TBA of the protecting group.
As shown in Fig.s 7(b) , (c), and (d), as increasing the EUV exposure dose, the absorption peak structure of carboxyl group of TBA becomes smaller and small chemical shift is observed due to the decomposition and deprotection reactions of TBA.
As shown in Fig. 7(a) , there is no absorption peak at the photon energy of 291~292 eV. However, in Fig.s 7(b) and (c), the absorption peak at the photon energy of 291 ～ 292 eV observed and corresponds to CF 2 bonding, and this peak structure becomes weaker as increasing the EUV exposure dose. It indicates that the CF 2 bonding of anion of PAG decomposed during the EUV exposure.
In order to achieve low LWR, in general in CA resist, the short acid diffusion is required to employ the large chemical structure of the anion of PAG. However, on the basis of the soft x-ray absorption spectroscopy analysis, it should be considered that if the decomposition reaction of the large chemical structure of the PAG anion will occur, the acid diffusion length will become shorter than that as expected. In the next session, the acid diffusion analysis was performed for the model resists.
3.3 Thickness loss due to the acid diffusion in varying the EUV exposure dose As shown in Fig. 8 , the thickness loss experiment, the acid diffusion length was evaluated relatively on the basis of the thickness loss at the EUV exposure dose of E 0 ×2.5. The measured thickness loss at the EUV exposure dose of E 0 ×2.5 of the model resists employed TPS-Imidate, TPS-Nonaflate, and TPS-Triflate as PAG are 1, 10, and 15 nm, respectively. The thickness loss due to the acid diffusion of the model resist employed TPS-Imidate as PAG is the smallest. Consequently, it is considered that the acid diffusion length of TPS-Imidate is shortest and could have a small impact on the LWR. Figure 9 shows the thickness loss to deprotection reaction of the EUV exposure dose dependency. In comparing the thickness loss at the EUV exposure dose of E 0 ×2.5 of the model resists employed TPS-Imidate, TPS-Nonaflate, and TPS-Triflate as PAG, the thickness loss becomes smaller when the chemical structure of PAG anion becomes lager because the acid diffusion length becomes shorter. In the EUV exposure dose around 20～30 mJ/cm 2 , the thickness loss of the model resists employed TPS-Nonaflate and TPS-Triflate as PAG shows the maximum value. When increasing the EUV exposure dose, the thickness loss decreased, and begin to be saturated around the EUV exposure dose of 50 mJ/cm 2 . As the results, increasing the EUV exposure dose, it is estimated that the chemical structure of anion of PAG changed, and this result can be explained as the decomposition reaction of anion of PAG by the analysis on the basis of the soft x-ray absorption spectroscopy [14] . Thickness loss (nm) Figure 9 . The thickness loss due to acid diffusion in varying the EUV exposure dose
As the results of the soft x-ray absorption spectroscopy and the thickness loss measurement due to the deprotection reaction, for the model resist employed TPS-Nonaflate and TPS-Triflate, before the maximum value of the thickness loss, the generation yield of the acid increased when the EUV exposure dose increased. After the amount of acid generation is saturated, the thickness loss decreasing by the decomposition reaction of the anion of PAG becomes dominant. As the results, the thickness loss of the EUV exposure dose dependency appears the maximum value of thickness loss, and after the maximum thickness loss, increasing the EUV exposure dose, the thickness loss decreased and was saturated at the EUV exposure dose more than 50 mJ/cm 2 . In the high dose region, the cross-linking seemed to be dominant between each base polymer by the cation of PAG. However, since the acid diffusion own to the chemical structure of the anion of PAG, the acid diffusion can be compared at the same EUV exposure dose.
Consequently, the amount of the acid generation increases as the EUV exposure increases when the amount of PAG exists. On the other hand, the amount of acid generation decreases on the basis of the anion of PAG decomposed during the EUV exposure dose increases. Since these two reaction occurs simultaneously during the EUV exposure, the maximum thickness loss appear in the thickness loss measurement due to the deprotection reaction in CA resist.
4．Conclusions
The EUV resist chemical reaction analysis was carried out by the absorption spectroscopy in the soft x-ray region using the synchrotron radiation.
It is confirmed that since the absorption peak of the π* C=C bonding of benzene of the base polymer such as PHS did not change under the EUV exposure, this result shows that the benzene of the cation of PAG derived from ionization reaction under the EUV exposure. And it is confirmed that since the absorption peak of the π* C=C bonding of benzene of PAG cation such as TPS decreased as increasing the EUV exposure dose, this results shows that the benzene of the PAG cation decomposes by the secondary electron which is generated by the ionization reaction under the EUV exposure as having been proposed previously. The TBA such as the protecting group of the base polymer decomposed under the EUV exposure.
In the case of the Imidate-type anion of PAG, as the results of the soft x-ray absorption spectroscopy analysis, since it was found that the Imidate-type anion of PAG decomposed under EUV exposure, this decomposition reaction own to the direct excitation of the PAG under EUV exposure, and it helps to achieve higher sensitivity under EUV exposure in comparison with the sensitivity of TPS-Nonaflate. In addition, as the results of the resist film thickness loss measurement for evaluating the acid diffusion effect, the anion decomposition of Imidate-type anion of PAG is confirmed to maintain the short acid diffusion length as increasing the EUV exposure dose and the Imidate-type anion of PAG can achieve high sensitivity simultaneously. The chemical reaction analysis using the absorption spectroscopy in the soft x-ray region combined with the acid diffusion analysis becomes more powerful method to mitigate high sensitivity and low LWR.
